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SUMMARY | | \%\-{/?O ‘

This paper describes several methods of designing switching circuits and
optimizing these designs, using a digital computer as a design tool. A method
of examining the on-off equation plot of an inverter switching circuit is dis-
cussed; and a technique for maximizing the output load current and the fan-out
factor for an inverter circuit is also presented.

A tabulation of existing computer programs for transistor resistor logic
‘ circuits is given.

In addition, an analysis of a linear circuit is made to determine the para-
metric changes affecting the d-c bias stability and the manner in which this,

in turn, affects the linearity and gain. C Lmu
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SEGTION I

INTRODUCTION

1.1 GENERAL
"This report describes work which is being accomplished in the area of
worstcase and optimized circuit design by the General Dynamics/Astronautics-

Centaur flight control group. Particular areas of development are engineering
aids to:

a. Predict the optimum design.

b. Find the maximum stress that a circuit may withstand
without reduced operability.

These aids are primarily oriented towards new design such that improved
devices may be efficiently and carefully utlized by exercising an analog model
of the circuits. Mathematical models are primarily based on on-off equations
for digital circuits and nodal equations for linear circuits.

All programs produced for circuit evaluation are written in Fortran to be
operated on the IBM-7094 computer configuration. These programs are
available and other engineering groupsare invited to use and add to the library
as the need arises,

This report will be revised to include new solutions and methods of ana- ‘
lysis switching circuit and analog problems as they occur. ‘

The services andassistance of the scientific dataprocessinglogic systems ‘
programming group Dept 158-1 are utilized in the programming of the worst
case and optimized design solutions. \

1.2 PURPOSE

The purpose of this program is to developa library of computer programs
to predict optimum design configurations and evaluate maximum capability of
a particular configuration. These programs will provide design assurance
essential to high reliability goals of the Centaur program. All programs are
designed for flexibility and ease of operation such that an engineer may modify
input data and receive stress data in minimum time at minimum cost. The
goal is to provide these data at a cost less than that required to manually
evaluate the circuit.
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s (NOR: LOGIC) without clampmg diodes. This type of logzc ts pres-'»
in the Centaur upper stage for simplicity and reliability.

cgrams alto &xist to evaluate lmear c1rcu1ts with ten nodes. These pro-

..'é varied, and modiﬁcations of the IBM -Share library models oriented to the
-Centaur servo and gyro amplifier configurations.

1.4 UTILIZATION

The designer desiring to utilize these programs will face anindoctrination
period to familiarize himself with the techniques and tools available at his
disposal. It is expected that the average engineer would become efficient

~after performing one or two designs by this technique. In addition, new design
configurations may be analyzed with minor modification of input parameters.
This allows the designer to readily implement new devices, changes, and
suggestions with minimurn modification design time.



SECTION II
SWITCHING CIRCUITS

2.1 DESIGN CONSIDERA TIONS

: 2.1.1 TRL CIRCUITS. The optimized design of TRL circuits is based
on the following considerations.

a. Upper and lower temperature limits.
b. Transistor parameter variations,
c. Component variations.

d. Power éupply variations.

2.1.2 CIRCUIT CONFIGURATIONS. The following circuit configurations
have been considered for analysis at this time.

a. TRL nor gate.
' b. Relay driver.

c¢. Inverter.

d. Set reset - bistable.

Optimized design circuits can be designed to meet several objectives. A
table of possible design objectives together with the constraining condition is
shown in Table 2-1. Also shown in Table 2-1 is the circuit variable that can
be adjusted to obtain an optimum design. Which design parameter to be opti-
mized is a design choice or is dictated by the design specification,

2.2 DESIGN PROCEDURES

A worst case design can be accomplished by different methods of analysis,
Several methods of attack are described below and examples given of each.

2.2.1 ON-OFF EQUATION PLOT. Given the "'on' equation and the "off"
equation of a simple saturated inverter, the "on' and ''off' equations can be
plotted on the same coordinate axes. The area enclosed by the "on' equation
and the "off'' equation and the X axis represents solutions satisfying both '‘on"
and "off'" conditions. The resistor tolerances and power supply tolerances
are to be included in the 'on' and '"off' equations. The centroid of the area

- enclosed by the 'on' and "'off" curves is the best solution. This solutiondoes

. not give the maximum fan out for the circuit constraints, but does give the
maximum safe operating point. The analysis of the circuit is given in Para-
graph 2. 2.3,
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'POSSIBLE DESIGN OBJECTIVES

| o "Variables to be Variables to be
Circuit |’ Optimized Optimized Constraints
NOR-RTL |  FanOut - N Rg» Ry, Rg Veg, Ve M
‘ maximum Iy, Hegr Vggo
NOR-RTL Fanln - M Rg: Ry, Rg Ve Veer Ipg
maximium HFE' VDEO’ N
Ip
Inverter Fan Qut ~ N Rp, Ry¢» Rg VBB’ VCC’ 1g,
maximum
Heer Vpgo: N
- I
NOR-RTL Minimizing RyR, R C Vag: Veor My
Sv‘vitching ip2, Hggs Vgeq
Time iy

S EXAMPLE

Given a fan out

Joso ) PROBLEM. Fiend optimum values of Ry and Rg

o .

toatd base current |

R2 of \2:\ .

o
)

7
V BF on

b=

Figure 2-1. Optimum Values of R; and R




= collector supply volt&ge :

v base to emitter voltage ~ forward bias of Q2

BEon~
N = fan out

vBEoff = reverse bias voltage — design option

Vegs = saturation voltage Q,

I .= base current Q2

t = resistor tolerance {decimal fraction)
R. = collector resistance of Q,

I.po = collector leakage current at maximum operating temperature.
R = Q2 load

The "on'' equation for Qp is as follows:

[ = Ve " VeEon ” IboRe Vep t Veeon

B R_(I¥1 + R, (1+1) R (l-1) (2. 1)
where

— Vee o

B~ R, (1-np “hereB= minimum HpeofQa  (2.2)

Subscripts and superscripts indicate a minimum and maximum value
respectively. Placing the value of Iz obtained in equation (2. 2) in equation
(2. 1]. Setting the resulting equation equal to zero and collecting terms.

2
RyVp{l + t) + RyRalIg(l -t*)+ Ry |-V, {1 -t)+ Ig R Ra(l -t)J

+ VgR_(1+t)= 0 (2.3)
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VA = VCC - VBEOn - ICbQRC’(l + t)l VB = VBB + VBE on
Ay = Vg (14 1) (2.4
B, = I4(l -t3) (2. 5)
_ F]
Cy = -Vu (1 -t) +T ;R R (1-1) (2. 6)
Dy =V, Ro (1+1t) (2.7)
which is an equation of the form
A,R, 4+ ByRyRa + CyRz + Dy =0 (2. 8)
“oloang for Ko
. -AR. + Dy ) )
Ro = et On Egaation (2.9)

y(14t) IRK'-{- Rl}

V. b T, Re U DT Ry 4 11y R, (4100

on oo

on

e Ui cgquation s

i ) 3
Vers Ro (140 - Vep (1-1) By + Ly, RaRe (1-t%)

LTI S : et SR

R, {1-t) + Ry (14 1) (2.11)

>levting terms and setting equation (2. 11) equal to zero

Vs (141) - Vgeoge {140)

A lVB p -t - Vg ol 't)l + R

(2.12)

+ Ry Kz l(l_ta)[\‘bo} = 0

Wil h is an equation of the form

.‘.\2{<: + BgRle + CQRQ - O



S
N
]

= (1-t)(-V,

to
©
!

= (14 1t) Wcss

Cz

3
(1-t%) cho

solving for R

VBE off

)

BEoff )

"AQRi

Rz =
BaRy + Ca

2 - — -
(148) (Vg - Vg g Ry +(1-071

bo

(2.13)
(2.14)

(2.15)

(2.16)

(2.17)

The two resulting expressions for the ''on'' equation and the '"off' equation

Ry = f, (R,)

Rg = f(Ry)

are both expressed as functions of R,.

f(Ry) "OFF'" is plotted.

The I, term is nsgle

ON EQUATION
SATISFIED
R,
Rg
25021V

""on' equation

""off'" equation

cte e nlnte

€Ctic in tae r—uv..

OFF EQUATION
SATISFIED

Figure 2-2. On-Off Equations

(2.18)

(2.19)

A graph of R =1 (R,) "ON" R, =
Flgure 2- 2 shows a plot of the ""on' and '"off'" equations.
i th

ON -OFF
EQUATION
SATISFIED




, '"off" equatmns is an'a »cep‘tab,e solution
; ,n" and Moff! condxtlons.

A compu‘ter'program exists for obtaining the "ON" and "OFF" equation.
The existing program has the I.p, terms set equal to zero since for the types
2f transistors used, the collector leakage terms made negligible contributions :
to the VBE off and I terms. ‘ ;

The "on'* equation may be modified to include a fan out factor N, where

N is the number of stages being supplied a base current of Iz from Q,.

!

Eguartion {2. 1} becomes '

. Icc ’VBEon - IcoRe Vet Veron
B c (1+t) + Ry (1+1) Rp (1-t) (2. 20)

Equation (2. 20) does not take into account current hogging which results

:n differences in Ry and Vpp,, between stages of inverters being su.pphedby
{3, . When current hogging is taken into account, the fan cut

3
SR B e - Ai aiaw ALkt AL <zl “L o4

wnere N is given by:

rodiiead 4
A VUL LW l O

W

N.=(N-1) K +1
. o= ) K4 (2.21)

[_.v_ﬁ..‘.-. hl‘oo i (I+t) - BEon] [Rl (1-1) + NR[‘(I“‘E)]

B o R L v e et

[v(;C -\ BE On] { (l+t) + NRy (1+ r)} (2.22)
the lrcuit may be optimizedas shown inTable 2-1 by maximizing R.or N
woith respect to Ry, The method of attackin optimizing equation (2.1)1is to sub-
Stioate equation (2. 2)into (2. 1), Find dR /R, or dN/dR; set resulting equation
il to rero and solve re sult.ing equations for Ry, Ry, and R_ usingequation
i Zjas an auxiliary equation. This particular example is not optimized. The
following example is optimized for a maximum R given a base current Ig,

sl atso for a maximurn N, given a base current Ig.
2.4 INVERTER CIRCUIT

Consider the inverter circuit shown in Figure 2-3 with back bias pro-
vided with an emitter supply voltage Vi instead of the conventional back bias
supply Vg, o The IC terms have been neglected in this case but can be
castly inserted into the on off equation if desired. A program has been written
to tind the minimum collector current 1. for the driver stage Q; by finding
¢R/dRy and solving for Ry, Ry and R¢e. A second program number of stages

.wf inverters that may be connected to Q; each inverter requiring a base
Lavrrent .LB.




N STAGES

cc

s N
¥ BE off

ces

r--_-_
<

N STAGES

ON CIRCUIT OFF CIRCUIT

Figure 2-3. Inverter Circuit
collector supply voltage
fan out

emitter supply voltage

Dasr

ayvrarwoan hinn sem~léta vn
AL VEIBT 0i1a8 VOiwagd —

saturation voltage Q,

base current Qg design constant
resistor tolerance - (decimal fraction)
collector load resistor Q,

\—/.; + Vf

Base to emitter voltage forward bias of Qg
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igure 2-3 the "on'" equation can be written as:

Yg_g = VBEon . VBE on =1

o {IE) (R # NR;) Rpg(l-t) — (2. 23)
'ahd the "off" equation as:

| Vo Rp(l-1) _
Vi) & e e L VD ,
PLOC T (14t) Rg+ R (1) F (2. 24)
where
Vo = Q_I; + VCES

sotving equation (2. 24) for Ry

[ 3 f 1 s 1 Yo e\ uooxr + -
i(}«: t) R'E"-}RB(I-‘C)} Viko -V Rp {i-t)+ Vg 1(1+L)‘\K+ RB(I—t)} =0
{2. 25)
. Vo (14 t) R ¢ Vepo (1-t)Rpg-V, (I-t)+ Vg (1+t)R+ Vg (1-t)Rg=0
, (2. 26)
By, lvpm (1-t) - v, (1-t)+ Vg (l--t)] = -Rg lvm,o (1+¢)+ Vi (1+1)
(2.27)
Bo= R [M (14t) Vepe + Ve \)
Ry K i1y B A, A
[ (-1 Vipo - Vo f Vi / 2.28)
. [ |
S B (,Y_‘??}? Ve
b * | (1-1) \VBFU - Vet Vs Ve (2.29)
, | (14 t) [ Vero + Vg
r(B = [\K BTy (R PR
(1-t) \Vgro - Vers (2. 30)
Ry = RgC (2.31)
) where
3 C = 14t VBEO + Vg ‘
‘ -t \ Vgeo - Vees (2. 32)




substituting equation (2. 31) into equatioﬁ (2. 23)

Vec = VBEOn BEon
| - = =1
g (I+t) (Rc+ NR) Ry C (l-t) B

. [e-ycl + Ry [C (Ve - Vaeon)]

R, =
L K RK[IB(I.F;) CN] + Vgg* N
= C,;R® + CaRg
L—CQRK-{- C‘
where
Cy = Ig (1-t%)
‘.I’ Ca = C:(Yks.' Veeon) - Veeon
Cs =Ig(l-t*)C - N

Ce = Vgeon N

dR, (CaRg+ Cq) (2CyRy + Ca) - [CyRy® + CaRy] Cs

dRy [CsRyt C4] °
collecting terms
Cy CaRi® 4 2C{ CyRyg+ C4Cq =0

and solving the quadratic equation for Ry

- OBE On* \/C VBEOU (Yg_g - ;BEOX'I)

® Ry = Ig(1-1%) C

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2. 40)

(2.41)

(2. 42)
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where

Lotk

AR

e ULy,

0
-
n

R -5, 0= ¢) 4 g [(Veq Vkon) € ~Veeon]

N = — 2

RK[BU t)Rl c] + Varorn R

—

ccC

R? [-lg)l-ta) (,j + Ry [V“—Vma ) C - VBE]
N

RK{IBU»t’) Ry C] + Vpr Ry

~
4
LM
"
-
«
jos.
-
~
-
e
T

Lothe derivitive of N owith respect to Ry

{CaRyt Cy Y (2C) Ryt Ca) —(CIRKQ + Ca Ry) Cs

~qnation (2.50) egaal to ceco and olledting ters

(P C1Ca + 2CaCy R+ CgCp =0

(2.43)

(2. 44)

(2. 45)

(2. 46)

(2.47)

rv
e
co
g

(2.49)

(2.50)

(2.51)



S;iiviﬁg equation (2.46) for Ry

R, = CseCy2 VC3cC,?-C,Cy C, Cs

C, Cs (2.52)
|16 1= Vee R |2 VYo R7 (17) @ ¢ [, (1) R.C]
-V Var 7] [V - Var) € - Voe]
[ s -2 c] [ta(1-2) cr ] (2. 53)
Ry= T’f(tti?—; Dl . (2. 54)

Ryg is obtained by substituting equation {2. 50) into equaticn (2. 24) and in turn
Rp and R ¢ substituted into equation (2.-23) for solution for N. In this case the

computer program will provide solutions for Ry, Rpand N given R and Ig
as variables.

2-11/2-12




SECTION III

LINEAR CIRCUITS

3.1 CIRCUIT ANALYSIS

The analysis of linear amplifier circuits used in the gyro and servo units
is formulated to consider worst case parametric data as indicatedpreviously,

The parametric changes affect the dc biasing stability which in turnaffect
the maximum linear output and gain. The dc equations show the relative sen-
sitivity of the individual parameters which may be minimized by proper se-
lection of components. The equations were derived by writing the network
loop equations for each complete dc circuit, such as for Qy and Qg or Qg and
Q,0 transistor pairs in the 55-40305 gyro signal amplifier.

The solution for the quiescent bias points Vea and ‘vem permits evaluation
of the maximum ac linear (unclipped) output swing, versus parametric data.
The equations were formulated for exactness and ease of handling by the Data
Processing Groups of GD/A Department 158-1.

3.2 CIRCUIT EVALUATION

The computer solution of the general equation was handled by separate
equations for each of the parametric variables as stored inputs.

The equation for V., (Qe collector voltage) of the gyro si
shown in Figure 3-1,

mplifier is

,.

o
]
W
—
)

3.3 COMPUTER SOLUTION

3.3.1An example of a solution for the variation of V., of Figure 3-1versus

a .
transistor common emitter current gains (B., or Bg = T /\)15 shown by the
. -a

computer graph of Figure 3-2. Other data are obtained by variation of each
parameter in the equation of Figure 3-1 leading to a solution of total effect
of all variations on circuit output.

vce =

s [Vee -Voer [1+ %;—:-(1-&.)] ~Voeo| [Ran *ll oo R , Jbes

Vec-Rye
K Rz . Ras

+ Slco'r




S*

# oqwsume §

[ iml
(..)\AL\

it

dc

Og
= stability = 1+————~R——- Roz t+ (1 av)Rz:s}
24

; Ry
RN X% LD L R
\ K / R?'4
R s
5 leai {1 (Y—,)R<31 [11— (1 -og)
24
.

cpO7  Tipos

o2
—
K}

\2aa"a
Rus

Ron R24

Figure 3~ 1. Variation Solution

supply

Q-+ or Qg Collector Volts

0.5

0.62-

8 - 2. 12)(10"3 (T-25) volts = Q9 base to emitter volts

2.12710° 5 (T-2¢5) volts = Qa base to emitter volts,




I

CBo7,

ICB Og

04,0y = or Qg current gain at T'C (hF'B)

common base collector leakage current

Al

A‘f(IcBov N ICBOa)

-
=

Degrees centigrade

ce

stability versus I.ggs

and I

cBos
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SECTION 1V

AVAILABLE PROGRAM FOR SWITCHING CIRCUITS

4.1 CIRCUITRY AVAILABLE

3606 RTL Nor Circuit
and RS FLIP-FLOP

3614 A Inverter Circuit

3614 B Inverter Circuit

3596 RTL Nor Circuit
3581 A/B Inverter Circuit

3595A Unijunction Time
Delay Circuit

3594 B Linear Amplifier
Circuit
3261 RTL Nor Circuit

Provides maximum fan out for given
fan in and load resistor R;. Provides
solutions for N, Rk’ and Rg.

Provides maximum fan out M and RB
and solutions for Rg and Rk given a
load resistor Ry .

Provides minimum collector current of
driver transistor given load and fan out
requirements.

Provides solutions for Rg,, and Rpg¢¢
given M, N, and load.

Provides plots of "on' and "off"
equation given load current and VBEoﬁ.
Provides optimum solution of circuit
parameter.

Provides minimum permissible B

values over given temperature range.

Provides solutions for fan out given
50 different loud resistors,.

4-1/4-2
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